Secretion of the Haemophilus influenzae HMW1 adhesin occurs via the two-partner secretion pathway and requires the HMW1B outer membrane translocator. HMW1B has been subjected to extensive biochemical studies to date. However, direct examination of the structure of HMW1B has been lacking, leaving fundamental questions about the oligomeric state, the membrane-embedded ␤-barrel domain, the approximate size of the ␤-barrel pore, and the mechanism of translocator activity. In the current study, examination of purified HMW1B by size exclusion chromatography and negative staining electron microscopy revealed that the predominant species was a dimer. In the presence of lipid, purified HMW1B formed two-dimensional crystalline sheets. Examination of these crystals by cryo-electron microscopy allowed determination of a projection structure of HMW1B to 10 Å resolution. The native HMW1B structure is a dimer of ␤-barrels, with each ␤-barrel measuring 40 Å by 50 Å in the two orthogonal directions and appearing largely occluded, leaving only a narrow pore. These observations suggest that HMW1B undergoes a large conformational change during translocation of the 125-kDa HMW1 adhesin.
Secretion of the Haemophilus influenzae HMW1 adhesin occurs via the two-partner secretion pathway and requires the HMW1B outer membrane translocator. HMW1B has been subjected to extensive biochemical studies to date. However, direct examination of the structure of HMW1B has been lacking, leaving fundamental questions about the oligomeric state, the membrane-embedded ␤-barrel domain, the approximate size of the ␤-barrel pore, and the mechanism of translocator activity. In the current study, examination of purified HMW1B by size exclusion chromatography and negative staining electron microscopy revealed that the predominant species was a dimer. In the presence of lipid, purified HMW1B formed two-dimensional crystalline sheets. Examination of these crystals by cryo-electron microscopy allowed determination of a projection structure of HMW1B to 10 Å resolution. The native HMW1B structure is a dimer of ␤-barrels, with each ␤-barrel measuring 40 Å by 50 Å in the two orthogonal directions and appearing largely occluded, leaving only a narrow pore. These observations suggest that HMW1B undergoes a large conformational change during translocation of the 125-kDa HMW1 adhesin.
Gram-negative bacteria have evolved a number of sophisticated pathways for secreting proteins (19) . Among the simplest of these pathways is the two-partner secretion (TPS) system, which consists of an exoprotein termed TpsA and a poreforming outer membrane (OM) translocator protein termed TpsB (16) . Based on experimental data and genome sequence analysis, over 100 TPS members have been identified (16) . The TpsB proteins are large (60 to 80 kDa), pore-forming, outer membrane proteins that are predicted to form ␤-barrels and that translocate the cognate TpsA protein from the periplasm to the bacterial surface (16) .
Among the predicted TpsB proteins, the transmembrane topologies of the Serratia marcescens ShlB protein, the Bordetella pertussis FhaC protein, and the Haemophilus influenzae HMW1B protein have been studied. ShlB is involved in secretion and activation of the ShlA hemolysin, a pore-forming cytotoxin. Based on sequence alignments, secondary structure predictions, and characterization of M2 epitope insertions, ShlB is predicted to have 20 ␤ strands with a periplasmic N terminus and two large surface loops (18) . FhaC is involved in secretion of filamentous hemagglutinin (FHA), a multifunctional adhesin. Initial work with FhaC suggested that this protein contains 19 transmembrane ␤ strands with a surface-exposed N terminus and forms two large loops on the bacterial surface (12, 15, 22) . However, more recent studies suggest that FhaC has a maximum of 16 transmembrane ␤ strands and contains two functional domains, including an N-terminal domain that modulates pore properties and may participate in the recognition of FHA and a 350-amino-acid C-terminal domain that forms the pore (22) . HMW1B facilitates surface localization of the HMW1 adhesin, a 125-kDa protein that forms fibers on the bacterial surface and mediates H. influenzae interaction with respiratory epithelium (26) . In recent studies, we found that HMW1B has pore-forming activity (28) and contains three domains, namely, a surface-localized N-terminal domain, an internal periplasmic domain, and a C-terminal pore-forming membrane anchor. Based on epitope tagging and cysteine substitution mutagenesis, we concluded that the Cterminal membrane anchor contains 10 ␤ strands (27) .
In previous work using single-particle electron microscopy, we observed that HMW1B containing a HAT tag at the N terminus formed predominantly tetramer-like particles in dodecyl-maltoside (DDM) detergent (28) . Because the cognate HMW1 adhesin is generally present on the bacterial surface in pairs (6) and because modification such as tagging or fusion can change the oligomerization properties of a protein (21), we elected to reassess the oligomeric state of HMW1B using purified untagged protein. As a first step, the HMW1B gene was amplified by PCR from the plasmid pHMW1-15 and was cloned into pTrc99A, yielding pTrc:HMW1B. Subsequently, cultures of Escherichia coli DH5␣ harboring pTrc:HMW1B were incubated overnight and then harvested and resuspended in sample buffer (20 mM HEPES [pH 7.4], 150 mM NaCl supplemented with Complete Mini protease inhibitor mixture tablets [Roche] ). Bacteria were disrupted by using a French press (Thermo Electron Corp., Milford, MA), and OM proteins were recovered on the basis of sodium N-lauroyl sarcosinate (Sarkosyl) insolubility (7) . OM proteins were solubilized with 1% Elugent (Calbiochem) in sample buffer by being rocked overnight at 4°C. The insoluble OM fraction was pelleted by centrifugation at 40,000 ϫ g for 45 min at 4°C. The soluble OM fraction was dialyzed with 0.5% Elugent, 20 mM HEPES (pH 7.4), and 10 mM NaCl and then loaded onto Source 15S and Source 15Q columns (GE Healthcare) in tandem. The sample flowthrough was collected, dialyzed with 0.5% Elugent, 50 mM sodium phosphate (pH 7.0), and 1.2 M ammonium sulfate and applied to a Source 15 Phe column (GE Healthcare) preequilibrated in the same buffer. HMW1B was eluted with a 10-column-volume gradient from 100% 0.5% Elugent, 50 mm sodium phosphate (pH 7.0), 1.2 M ammonium sulfate to 50% 0.5% Elugent, 50 mM sodium phosphate (pH 7.0). Fractions containing HMW1B were pooled and concentrated by using an Amicon Ultra 10 concentrator (Millipore). The concentrated fraction was then further purified by size exclusion chromatography by using a HiPrep 16/60 Sephacryl S-200 HR column (GE Healthcare) equilibrated in 0.5% Elugent, 50 mM sodium phosphate (pH 7.0), 150 mM NaCl. The final HMW1B-containing fractions were concentrated by using an Amicon Ultra 10 concentrator (Fig. 1A) .
Assessment of purified HMW1B on a Superose-6 size exclusion column using DDM in the running buffer revealed two peaks (Fig. 1B) . The smaller peak (peak 1) at the elution volume of 14.4 ml had a nominal molecular mass of ϳ600 kDa, and the larger peak (peak 2) at the elution volume of 16.6 ml had a nominal molecular mass of ϳ300 kDa. The identities of peaks 1 and 2 were confirmed to be HMW1B by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western analysis (Fig. 1C) . In the presence of detergent, the apparent mass of a membrane protein can be ϳ200 kDa greater than the actual mass, reflecting the surrounding detergent micelle in aqueous solution (21, 30) . Taking the effect of detergent into account, we concluded that peak 2 corresponds to a dimer and that peak 1 corresponds to a dimer of dimers or a tetramer.
To extend our observations, we examined the HMW1B preparation by negative staining electron microscopy, as described previously (21) . As shown in Fig. 2A , we observed two predominant species of particles. The first species was a double ring approximately 100 Å long and 50 Å wide ( Fig. 2A , white ellipses). These particles apparently correspond to HMW1B dimers. The second species was a four-ring cluster approximately 100 Å in both dimensions ( Fig. 2A, white rectangles) . These particles apparently represent an association of two dimers (a dimer of the first species). We further characterized purified HMW1B by dynamic light scattering (DLS), which measures the hydrodynamic radius, R h , and the size distribution of molecules in solution. DLS measurements were performed using a commercial Brookhaven Instrument light-scattering spectrometer with a BI-9000AT digital correlator. The concentration of HMW1B was ϳ1.2 mg/ml. At this protein concentration, light scattering from the empty detergent micelles is insignificant, comprising less than 1% of the total scattering as estimated from control detergent buffer. The CONTIN method (24) was used to analyze the DLS data and calculate the R h of the particles from the characteristic line width, ⌫. The DLS measurements provided information about the particle size distribution in solution from a plot of ⌫G(⌫) versus R h . Data were collected at 25°C, and a viscosity () of 1.2 mPas was used. A typical CONTIN analysis from the DLS measurements of purified HMW1B showed a peak with an averaged R h value of 7.7 Ϯ 0.2 nm and a relatively broad sized distribution (Fig. 2B) , suggesting that the majority of the HMW1B preparation is in a dimeric state. The average R h value measuring 2 nm larger than expected for a dimer and the ml correspond to molecular masses ofϳ300 kDa (dimers) and ϳ600 kDa (dimers of dimers), respectively. (C) Western immunoblot of samples from peak 1 and peak 2. Lane 1 is purified HMW1B, lane 2 is a fraction from the 16.6-ml peak, and lane 3 is a fraction from the 14.4-ml peak. The blot was prepared with a guinea pig polyclonal antiserum raised against HMW1B.
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at Penn State Univ on April 16, 2008 jb.asm.org broad peak probably indicate that the HMW1B solution contains a mixture of detergent micelles and protein-detergentlipid ternary micelles of different sizes. In order to further define the structure of the HMW1B dimer, we reconstituted purified HMW1B in lipid bilayers at low lipid-to-protein ratios (LPR), aiming to generate two-dimensional (2D) crystals. HMW1B was adjusted to a concentration of 2 mg/ml and mixed with detergent-solubilized E. coli polar lipid extract (Avanti Polar Lipids, Inc.) at LPR that ranged from 0.5 to 2.0. The detergent in the mixture was removed by dialysis for 5 days in 20 mM HEPES (pH 6.5), 100 mM NaCl, 5 mM MgCl 2 , 0.02% NaN 3 , and 0.1 mM TCEP (17) . Following dialysis, examination by electron microscopy revealed micrometer-sized crystalline sheets in preparations with an LPR of 1:2 (wt/wt). While some of these sheets were single layers, many were relatively thick and contained two to five layers. Figure 3A shows a three-layered sheet and demonstrates lattice lines that are continuous as they cross the thickness steps (noted by white arrows and black arrows), indicating that this sheet is an in-register stack of three single-layered 2D crystals, similar in nature to type I three-dimensional membrane protein crystals (23) . Figure 3B shows an image of a multilayered sheet preserved in glucose and, again, demonstrates lattice lines that are continuous across the entire crystalline area. Computational Fourier transform of the image in Fig. 3B revealed sharp reflection spots, further supporting the conclusion that the thicker crystalline sheets are in-register stacked 2D crystals (Fig. 3C) .
Using the images of 2D crystals, MRC image 2000 software, and a standard image processing procedure, we were able to compute a projection structure of HMW1B (3, 9) . We began by digitally correcting electron micrographs for the microscope contrast transfer effect (Fig. 4A) , then improved the lattice order by image unbending (14) , and then calculated a projection structure for each image. Using this approach, we found that the projection structures calculated from single-layered crystals were virtually the same as the projection structures calculated from the larger and more abundant multilayered sheets. Figure 4B shows the structure calculated from one crystal without applying symmetry. The structural factors from eight images with essentially the same individual projection structures were brought to a common phase origin and were averaged to produce an improved projection structure at ϳ10 Å, as shown in Fig. 4C . Figure 4D is a contour plot presentation of the structure shown in Fig. 3C . The crystals had a space group of p2, with the unit cell dimensions a ϭ 88 Ϯ 2 Å, b ϭ 56 Ϯ 2 Å, and ␥ ϭ 91°Ϯ 2°. The detected twofold symmetry was applied when the averaged structure was calculated ( Fig. 4C and 4D ). There is a dimer in each unit cell, and each monomer measures ϳ40 Å by ϳ50 Å in the two orthogonal directions, dimensions that are appropriate for a ␤-barrel structure with a molecular mass of ϳ60 kDa. The 2D projection structure of a ␤-barrel structure is informative because the projection direction is along the axis of the ␤-barrel, i.e., perpendicular to the lipid membrane. In this projection, the wall of the ␤-barrel forms an easily recognizable high-density ring, as shown in Fig. 4D by a green band traced along one HMW1B monomer ring. Both the gray scale plot (Fig. 4C ) and the contour plot (Fig. 4D ) reveal extra densities inside the ␤-barrel (Fig. 4D , highlighted in orange and labeled I and II). In addition, there is a narrow low-density region that likely represents a channel inside the ␤-barrel (Fig. 4D , as marked by a blue dashed curved line). Although the ␤-barrel encloses a large space (30 Å), the channel is only ϳ10 Å wide, reflecting the density areas I and II.
In this study, we have shown that the HMW1B outer membrane translocator protein forms a dimeric complex both in solution and in lipid bilayers. Based on the 10-Å projection structure, there is a low-density area consistent with a narrow channel at the center of each subunit in the dimer. This infor- mation suggests that HMW1B is a twin-pore complex, analogous to a variety of other protein translocating channels, including the PapC outer membrane usher involved in the assembly of E. coli P pili, the Sec complex responsible for transport of proteins across the bacterial inner membrane and the eukaryotic endoplasmic reticulum, the TIM22 protein insertion complex in the mitochondrial inner membrane, and the TOM protein import complex in the mitochondrial outer membrane, among others (1, 2, 4, 20, 21, 25) .
In earlier work, we examined whole bacteria expressing the H. influenzae HMW1 adhesin by using quick-freeze deep-etch transmission electron microscopy and observed that HMW1 forms thin hairlike fibers that are typically present on the bacterial surface in pairs (6) . Additional analysis demonstrated that HMW1 is anchored to the bacterial surface via a noncovalent interaction with HMW1B, resulting in a correlation between the quantity of surface-associated HMW1 and the level of HMW1B in the outer membrane (6) . Interestingly, HMW1 anchoring to the bacterial surface requires a disulfide bond between two conserved cysteine residues present in the C-terminal 20 amino acids of the protein, a region that appears to be embedded in the pore in HMW1B (6). These observations are consistent with our finding in the current study that HMW1B forms a dimeric complex.
The observation that HMW1B is a dimer contrasts with our earlier analysis suggesting that HAT-tagged HMW1B forms a tetrameric complex. In considering this discrepancy, it is known that an affinity tag can modify the oligomerization behavior of a protein. For example, the PapC usher formed mainly hexamers when a six-His affinity tag was present at the C terminus (29) but formed a dimeric structure in the absence of the His tag, both in detergent and when reconstituted in lipid bilayers (21) . We now believe that the tetramer-like particle that we observed when HAT-tagged HMW1B was examined by single-particle electron microscopy was an artifact due to the HAT tagging.
The pore inside the HMW1B ␤-barrel is partially occluded by density regions on opposite sides of the ␤-barrel and is thus relatively narrow. These two density regions likely represent the internal periplasmic domain that is postulated to interact with the HMW1 secretion domain and the loops (periplasmic and/or surface) that connect the transmembrane ␤ strands (27) . Accordingly, the HMW1B architecture appears to resemble TonB-dependent outer membrane transporters, which are characterized by an N-terminal globular domain that plugs the ␤-barrel (31). Based on the crystal structures of FepA, BtuB, FecA, and FhuA and molecular dynamic simulation results, one proposal is that the globular plug domain of TonB-dependent outer membrane transporters retracts from the ␤-barrel for the passage of solute molecules of up to 600 Da in mass (5, 8, 10, 11) . With this information in mind, we propose that HMW1B undergoes a major conformational change during translocation of HMW1, perhaps activated by the interaction between the HMW1B periplasmic domain and the HMW1 secretion domain. In particular, the periplasmic domain and some loops in HMW1B may move away from the pore, allowing HMW1 to slide through the open ␤-barrel. Consistent with this idea, Guedin et al. have noted that the FhaC translocator undergoes a conformational change during FHA secretion (12) .
In considering the advantage of a twin-pore complex for HMW1B, it is unclear whether dimerization is essential for HMW1B translocation of HMW1. One possibility is that the formation of a dimer results in a more stable HMW1B structure in the outer membrane, thus increasing the efficiency of translocator activity. Independent of translocator activity per se, it is also possible that the presentation of two physically linked HMW1 fibers facilitates HMW1-mediated adherence to respiratory epithelium, perhaps potentiating a bivalent interaction with the host cell surface. Along these lines, identification of the HMW1 receptor may provide insights into the selective pressures that resulted in the evolution of the HMW1B dimeric structure.
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